A cis-acting regulatory element de®ned herein is required to drive teashirt (tsh) expression in the regions of the developing adult that give rise to proximal wing and haltere tissues. Loss of this expression results in the fusion of the proximal structures of the wing and halteres to the thoracic cuticle. This represents the ®rst description of a viable adult-speci®c regulatory allele of tsh with a visible phenotype, and it enlarges our understanding of the expression of tsh and its function during the development of the adult. q
Introduction
The teashirt (tsh) gene has been shown to be required for proper speci®cation of the trunk segments within the developing embryo. tsh encodes a zinc ®nger protein (Fasano et al., 1991) and is expressed throughout development and within a number of different tissues (Roder et al., 1992; Gallet et al., 1998 Gallet et al., , 1999 . Histochemical and antibody staining show that the tsh expression pattern in third instar imaginal discs is localized to areas fated to give rise to the proximal structures of the developing appendages in the adult (Bryant, 1975; Cohen, 1993) and within the presumptive notum (Ng et al., 1996) . In the leg, tsh is required, along with the homothorax (hth) protein, for speci®cation of the proximal domain (Wu and Cohen, 2000) . The hth gene has also been shown to be a target for wg activity in the wing hinge where it is required for hinge development and is pivotal in conferring proximal wing identity (Casares and Mann, 2000) . Further, tsh has been established as a positive regulator of hth in the developing hinge (Azpiazu and Morata, 2000) .
To better understand the spatial and temporal regulation of complex loci such as tsh, it is essential to dissect the regulatory signals into smaller functional units. One way that this can be achieved is by analyzing each gene in terms of functionally separate tissue-speci®c enhancers. Data presented herein show that a tissue-speci®c enhancer element has been identi®ed that is required for proper spatial and temporal expression of the tsh gene within the presumptive hinge regions of the wing and halteres. This enhancer is located 3
H to the tsh coding region but 5 H to the previously identi®ed cis-regulatory elements downstream of tsh (Core et al., 1997; McCormick et al., 1995) . It is capable of driving expression in the presumptive dorsal and ventral hinge region. The reporter gene expression pattern driven by this 915 bp element in the wing disc coincides with tissues fated to give rise to the structures that are abnormal in the aeroplane (ae) wing posture mutant. The ae mutation is caused by an insertion of a 5.4 kb I element (Fawcett et al., 1986) into this enhancer element. The data suggest that tsh could either play a role in helping de®ne the division between the proximal appendages and the thorax, or that it is required for 
Results
The ae mutation characterized herein is a spontaneous abnormal wing posture mutant, likely allelic to the originally described ae mutation (Quelprud, 1931; Soanes and Bell, 1999) . The cause of the abnormal wing posture is the fusion of the proximal ventral radius of the wing hinge to the pleural wing process of the thorax (results not shown). No other defects are observed and all of the underlying direct and indirect¯ight muscles are unaffected (Soanes and Bell, 1999) .
The tsh PZ type enhancer trap P element insertion allele, tsh(04319), is located 5 H to tsh and exhibits an accurate lacZ representation of the actual wing and haltere disc expression Fig. 1 . Histochemical staining of tsh expression in haltere and third instar imaginal wing discs and the corresponding presumptive fates. (A) and (D) Diagrammatic representation of the fate maps of the third instar wing discs and halteres modi®ed from Cohen (1993) and Bryant (1975) . X-gal staining of the tsh(04319) reporter gene expression in (B) and (C) third instar wing discs, (E) and (F) haltere discs and (G) pharate adult wing from the tsh (04319) pattern from the tsh locus when compared to tsh antibody staining (compare Fig. 1B ,E with Fig. 2B,C) . Comparing the fate map of the wing discs and halteres (Bryant, 1975) to the tsh±lacZ reporter gene expression (Fig. 1A vs B and D vs E) , it is apparent that tsh is expressed in tissues fated to give rise to the proximal wing hinge as well as some thoracic structures. The tsh (04319) 8.1 derivative allele retains a complete copy of the PZ construct localized to the 5 H untranslated leader sequence of tsh, but associated with this construct is a deletion of the immediate 3
H¯a nking genomic sequence, including all of the tsh coding region. The tsh (04319) 8.1 allele shows a modi®ed X-gal reporter gene expression pattern in imaginal discs compared to the parental enhancer trap allele tsh(04319) (compare Fig. 1B vs C and E vs F, respectively) . Within tsh (04319) 8.1 wing imaginal discs, much of the reporter gene expression regularly observed in the presumptive ventral hinge and the notum is lost or greatly reduced (black arrowheads, Fig. 1C ). Some dorsal hinge-speci®c expression remains but the most distal-speci®c expression, as indicated by the asterisks in Fig. 1C , is also lost. When pupal wings are stained, strong expression of the reporter gene is observed in the hinge region of the wing. The most distal X-gal expression from the enhancer trap allele tsh(04319) corresponds to the proximal ventral radius (arrows, Fig. 1G ). Only the ventral hinge is affected in the mutant but the reporter gene expression is present in both the dorsal and ventral hinge (compare Fig. 1A,B ). This suggests that in the ae background only a subdomain of the wing disc-speci®c expression from tsh should be affected. Further, these results indicate that the tsh hinge expression is divisible into, at least, smaller ventral and dorsal-speci®c components. The imaginal wing disc is formed as an invagination of a single continuous layer of epithelial cells. Within the area of the ventral hinge, the sheet of cells folds around from the wing pouch side to the peripodial membrane side of the disc (Fig. 1H , arrow) and histochem- Fig. 2 . tsh protein expression in the third instar imaginal wing discs as visualized using tsh-speci®c antibodies. (A) Simpli®ed fate map of the third instar imaginal wing disc with presumptive fates relevant to the ae phenotype. Abbreviations in (A) are as follows: wp, wing pouch; n, notum; pwp, pleural wing process; pvr, proximal ventral radius; yc, yellow club; dh, dorsal hinge. (B) and (C) Oregon R and ae/tsh (04319) 8.1 heterozygous third instar wing discs, respectively. The arrowheads point to loss or reduction of tsh protein expression within the presumptive ventral hinge. Anterior is left and ventral is up.
ical and antibody staining of the third instar wing discs show that tsh is expressed there. Direct analysis of tsh expression within the third instar imaginal wing discs from ae/ tsh (04319) 8.1 heterozygotes reveals an altered protein expression pattern in the presumptive ventral hinge and to a lesser extent in the dorsal hinge (arrows, Fig. 2B vs C) . In the ae/tsh (04319) 8.1 mutant, the loss of tsh expression in the presumptive ventral hinge is localized to areas of the disc fated to become the pwp, the pvr, and the yc ( Fig. 2A) , and all of these structures are aberrant in the mutant.
The two previously identi®ed cis-acting regulatory elements within the 3 H genomic sequence¯anking the tsh locus (McCormick et al., 1995; Core et al., 1997) are required for proper expression of tsh within the developing embryo. Until now, no tsh enhancer elements have been identi®ed that drive expression in developing adult tissues. Using the enhancer tester pCasPeR hs 43 (Thummel and Pirrotta, 1991) , we looked for the presence of any cis-acting regulatory sequences within the region known to contain the ae insert. The entire wild type 4.8 kb EcoRI (E4.8) sequence was tested and found to be capable of driving reporter lacZ expression within the presumptive wing hinge, in addition to limited expression within the presumptive notum (Figs. 3 and 4B) . Spatially, the E4.8 expression pattern only represents a subset of the total wing and haltere disc expression seen using the tsh(04319) reporter line (compare Figs. 1B vs 4B and 1E vs 4F) . The enhancer expression described herein is con®ned to the wing and haltere discs only.
An attempt was made to de®ne the minimal sequence(s) required for enhancer function within the ventral hinge. A summary of the fragments tested and their corresponding spatial expression patterns is presented in Fig. 3 . The 2.9 kb EcoR1/BamH1 fragment (EB2.9) is capable of driving expression within the presumptive dorsal and ventral hinge region in addition to the midgut (Figs. 3 and 4C,G) . The EB2.9 expression pattern is similar to E4.8 except for the absence of the presumptive notum expression. Further dissection of the enhancer element(s) revealed that a 915 bp HindIII/BamHI genomic fragment (HB1.0) is also fully capable of ventral hinge-speci®c expression (Figs. 3 and 4D,H). However, this fragment loses the ability to express the reporter gene in the presumptive dorsal haltere and wing hinge (compare Fig. 4C vs D) . Overlapping fragments of 481 and 209 bp were not able to activate the reporter gene expression within the hinge region of wing and haltere discs, but were still capable of activating expression within regions of the third instar larval midgut. These observations suggest that the region contains a gut-speci®c element but not a complete hinge enhancer (Fig. 3) . Although the I element insertion in the ae mutant was localized to a 34 bp DraI sequence in the 915 bp HindIII/BamHI fragment (HB1.0) at the center of the 4.8 kb region, the effect that the insert had on the enhancer element's expression pattern was still unknown. To determine if the sequence disrupted by the I element is directly involved in ventral hinge expression, the 34 bp DraI fragment was removed from the HB1.0 sequence and the remainder was reintroduced into the enhancer tester. This DraI-deleted fragment exhibited the same ventral hinge-speci®c expression pattern as the HB1.0 fragment (Fig. 3) . A comparison of the simpli®ed fate map with the expression pattern observed using the HB1.0 enhancer fragment indicates that the aberrant structures observed in the ae mutant are all derived from tissues that show b-galactosidase activation from the HB1.0 construct (Fig. 4A vs D and 4E vs H) .
Discussion
In the ae mutant there is no lesion in the tsh coding region. Therefore, we propose that the ae phenotype is caused by the loss of a subset of the elaborate spatial and temporal expression patterns observed from the tsh locus in wild type¯ies. ae is de®cient in a domain of tsh involved in Fig. 3 . Dissection of the ae enhancer region. Schematic diagram of the 4.8 kb EcoRI 3 H enhancer region and the fragments tested for enhancer activity. Enzyme abbreviations: E, EcoRI; B, BamHI; and H, HindIII. Each bar under the restriction map indicates the position and relative size of the sequence tested for its ability to drive the lacZ reporter gene in the enhancer tester pCaSpeR hs 43 (Thummel and Pirrotta, 1991) . The identifying letters and numbers to the left of each bar indicate the identity of the respective restriction fragment and its approximate size. The DraI 2 fragment is the HB1.0 sequence with the 34 bp DraI sequence removed. A summary of the expression patterns observed from each genomic fragment is indicated on the right. A minus indicates the failure of that fragment to drive reporter gene expression. The tissues that express the lacZ reporter gene are indicated: D, presumptive dorsal wing hinge; V, presumptive ventral wing hinge; MG, midgut. The triangle indicates the position of the 5.4 kb ae insert within the 4.8 kb EcoRI fragment. The black bars at the bottom indicate the smallest sequences so far de®ned that are suf®cient for the ventral hinge and gut enhancer elements, respectively. hinge development but not de®cient in the more global vital functions of normal tsh, thus explaining its viability as a homozygote in contrast to previously described tsh alleles.
The spatially restricted loss of tsh expression allows one to suggest a role for tsh in the developing adult. The function of the ae regulatory domain of tsh appears to be limited to the adult cuticle because all underlying structures are unaffected. tsh has been shown to be required to set up the basal developmental fate for the trunk within the developing embryo (Roder et al., 1992) . It is also possible that it is required to set up the basal developmental fate for the adult cuticle pertaining to the proximal structures of the appendages. As a result, removal of tsh function from this region would lead to the loss of proximal structure speci®-cation in the adult. A second possibility could be that tsh plays a role in specifying the division between the pleural structures of the thorax and the proximal wing hinge. A functional parallel can be drawn with the role hth is believed to play in the development of the leg. hth function appears to be required for the formation of the boundary between proximal and distal leg segments (Wu and Cohen, 1999) .
Although tsh is required for specifying leg identities, it is not required for formation of the boundary (Wu and Cohen, 2000) . Loss of hth expression in the proximal tissues within the leg discs results in the fusion between the coxa and the notum. This presumably is due to the loss of a signal provided by hth, and as a result, the division between the notum and the leg is no longer de®ned (Wu and Cohen, 1999) . It is now known that hth also plays a fundamental role in wing hinge development (Casares and Mann, 2000; Azpiazu and Morata, 2000) . Thus, a similar explanation may be postulated to explain the fusion between the wing hinge and the thoracic structures, as well as the homologous halteres, in the ae mutant. If tsh is required for de®ning the transition between the thoracic tissue and the wing hinge, perhaps by interacting with hth, then loss of this expression leaves no signal to de®ne the transition leading to the fusion of the wing and thoracic cuticle. However, X-gal staining of the pupae shows that the limits of tsh expression do not lie precisely at the boundary between the hinge and thorax. This suggests that there may be additional factors involved in de®ning the break between the two structures, in a similar Fig. 4 . X-gal staining of the third instar imaginal wing and haltere discs from enhancer-tested fragments (summarized Fig. 3 ) in the pCasPeR hs 43 vector. (A) and (E) A simpli®ed fate map modi®ed from Bryant (1975) of the third instar wing and haltere discs, respectively. The map indicates the location of tissues fated to give rise to the structures found to be aberrant in the ae mutant wing hinge. (B±D) Third instar wing discs and (F±H) haltere discs. (B) and (F) correspond to the enhancer expression pattern under the control of the 4.8 kb EcoRI fragment (E4.8). The arrowheads in (B) indicate reporter expression within the presumptive notum. (C) and (G) correspond to the 2.9 kb EcoRI/BamHI fragment (EB2.9). (D) and (H) correspond to the 915 bp HindIII/BamHI fragment (HB1.0). The abbreviations are as follows: wp, wing pouch; dh, dorsal hinge; vh, ventral hinge; n, notum; pwp, pleural wing process; yc, yellow club; pvr, proximal ventral radius; cs, capitellum; mb, metathoracic bristle group; ms, metathoracic spiracle; mp, metathoracic papillae. Anterior is left and ventral is up.
way that tsh cooperates with Ubx, AbdA and Antp in specifying the trunk fate in the embryo.
The search for cis-acting tsh regulatory elements in the wild type E4.8 fragment, identi®ed a 3 H wing hinge and proximal haltere-speci®c enhancer which was localized to a smaller 915 bp fragment (HB1.0) also exhibiting midgut expression. Dissection of the 915 bp sequence by polymerase chain reaction-(PCR-) generated fragments suggests that the entire 915 bp is required for proper ventral hingespeci®c expression of tsh. A MatInspector Version 2.1 database search (Quandt et al., 1995) indicated that the 5 H 481 of the 915 bp was an ATTA rich region with a number of putative transcription factor binding sites, suggesting that it may be a candidate sequence for the enhancer element. The 481 bp putative regulatory element was found to activate reporter gene expression only within the midgut and not within the ventral hinge, suggesting the region contains a gut-speci®c element but not a complete hinge enhancer. The maintenance of hinge-speci®c expression with loss of the I element insert site suggests that the location of the insertion is not the direct cause of the loss of expression from the tsh locus within the ventral hinge. Rather, the insertion is negatively affecting the cis-acting element within the surrounding 915 bp sequence that is still capable of driving reporter gene expression within the relevant tissues.
The characterization of the ae mutant has identi®ed a third cis-regulatory sequence 3
H to the tsh locus. This regulatory element is capable of expressing the reporter gene within the presumptive wing hinge and proximal haltere structures, and represents the ®rst regulatory element identi®ed for tsh, which is speci®c for adult structures. The identi®cation of any relevant transacting factors as well as the essential sequences within the enhancer, which are necessary for its function will ultimately provide a better understanding of the regulation and function of tsh within the developing adult. The availability of ae with a wing phenotype, and as the ®rst characterized non-lethal mutant allele of tsh, should be very useful for studies of tsh regulation in proximal appendage tissue of adults.
Experimental procedures

Histochemical staining
All lacZ staining follows Bellen et al. (1989) with slight modi®cations. Wandering third instar larvae were dissected in PBS, ®xed in 0.75% glutaraldehyde for 15 min and then washed 3£ in PBT (0.05% Triton X-100). Staining solution (10 mM Na phosphate pH 7.2, 150 mM NaCl, 1 mM MgCl 2 , 5 mM K ferricyanide, 5 mM K ferrocyanide and 0.1% X-gal in N,N-dimethylformamide) was prepared fresh daily and then added to the washed larvae and allowed to stain from 1 h to overnight at 378C. X-gal staining was periodically monitored and stopped when optimal, by washing 3£ with PBT for 5 min. Larvae were staged by timing the age after egg laying and con®rmed by analysis of the mouth parts according to Roberts (1986) .
Antibody staining
All antibody staining follows the protocol of Simmonds et al. (1995) with slight modi®cations. Rat anti-tsh antibodies were used at a concentration of 1:250 (pre-absorbed). The goat anti-rat Cy3 conjugated secondary was used at a 1:250 dilution. Secondary antibodies were obtained from Jackson Immuno Research Laboratories (Bio/Can Scienti®c).
Enhancer tester constructs
The 4.8 kb EcoRI fragment was cloned directly into the unique EcoRI site in the pCasPeR hs 43 vector. The 2.9 kb EcoRI/BamHI fragment was cloned directly as a EcoRI/ BamHI fragment into pCasPeR hs 43 from the 10Q clone (Fasano et al., 1991) . The HindIII/BamHI 915 bp fragment was removed from a pUC19 vector and subcloned as a BamH1 fragment into the enhancer tester (herein referred to as the HB1.0 fragment). The DraI-deleted HB1.0 fragment was ®rst subcloned into the pGEM7f(1) vector and then removed by cutting with EcoRI and BamHI. This phosphatase treated fragment was then digested with DraI, religated into the BamHI/EcoRI digested pGEM7f(1) vector, sequenced to con®rm the removal of the 34 bp DraI fragment, and then subcloned into the pCasPeR hs 43 EcoRI/ BamHI digested vector (designated as DraI 2 herein). To test the 481 and 209 bp fragments for enhancer abilities, these fragments were ampli®ed from Oregon R genomic DNA using the high ®delity PFU polymerase PCR protocol from Stratagene. All PCR were carried out in a Perkin± Elmer GeneAmp PCR System 2400 machine. The primer sets used for each of the fragments are as follows: the 481 bp, 5 H -(GG)AATTCGGCACGTTCGCTGTG-3 H and 220; 5 H -GGCACAGACATGAGTCTTAC-3 H . Both used the same reverse primer 5 H -TGATTGGGCTGACGAAGT-GAAAC-3 H . Each blunt ended PCR product was then subcloned into a SmaI digested pGEM7f(1) (Promega) vector, removed by cutting with EcoRI (E) and BamHI (B) and inserted into the BamHI/EcoRI digested pCasPeR hs 43 vector. All vectors and constructs were puri®ed using the Qiagen protocol.
Stocks
All stocks and crosses were maintained at room temperature (22±258C) and grown on a standard yeast agar media. The tsh(04319) allele was obtained from the Bloomington Stock Center.
Micro-injections
Injections were carried out according to Rubin and Spradling (1983) with slight modi®cations. 0±1 h y,w embryos were collected from 2% agarose plates smeared with live yeast paste and then dechorionated for 45±60 s using 50% Javex bleach. 10 mg of each construct prepared for injection were combined with 2 mg of the delta 2-3 helper vector, then precipitated, and dissolved in 10 ml of water. All the needles used for injections were pulled using a Sutter Instrument Co. Model P-87 Fleming/Brown micropipette puller.
